Mg-Y-Zn alloys have attracted much attention in recent years due to their excellent mechanical properties, which are said to be the effect of the intermediate phase (X phase) in the Mg solid solution ( phase). The formation behavior of the X phase has been reported to be a eutectic type reaction in the Mg-Y-Zn pseudo-binary system. However, the phase diagram of this system still requires clarification. In the present study, the 97.0Mg-1.3Zn-1.7Y (at%) alloy was prepared to clarify the liquidus and solidus in the liquid-solid coexistence region, and the solubility limit in the phase. The chemical compositions of the alloy were analyzed by electron probe X-ray microanalysis after isothermal heat treatment. The results indicate that the Mg-Y-Zn ternary system can be represented as a pseudo-binary system between the and X phases. In addition, the solidus line for the phase has been clarified. The solubility limit for the phase is not much different from that of the previous report, whereas the formation behavior of the X phase is not in the manner of a eutectic reaction, but rather that of a peritectic one.
Introduction
Mg alloys, as the lightest practical metallic material, have applied in various fields to reduce the weight of products. 1) In the last few years, Mg-Y-Zn alloys have attracted particular attention, because of their excellent strength, ductility, corrosion resistance and heat resistance compared with conventional Mg alloys. [2] [3] [4] Although the strengthening mechanism of Mg-Y-Zn alloys is less well understood, it is considered to be mainly due to solution hardening of Y in the Mg solid solution ( phase) and precipitation hardening by the intermediate phase (X phase). 5) It is certain that the X phase has distinctive long-period stacking ordered (LPSO) structures, which vary with the alloy composition or heat treatment, 6) and it is considered to have a significant effect on the mechanical properties of this alloy. As a matter of course, the establishment of a phase diagram is important for efficient alloy development and optimization of manufacturing processes. However, only few attempts have so far been made at establishing the Mg-Y-Zn ternary phase diagram, [7] [8] [9] and the phase diagram of this system still requires clarification.
Padezhnova et al. experimentally investigated the Mg-YZn ternary system and reported that the composition of the X phase was 85.9Mg-6.1Zn-7.9Y (at%), and that the Mg-Y-Zn ternary phase diagram could be represented as a pseudobinary system on the line between the phase and the X phase, as shown in Fig. 1 . 8) The elemental ratio of Zn per Y for this line is 0.772. Shown in Fig. 2 is the reported Mg-YZn pseudo-binary phase diagram by Padezhnova et al. The reported composition of the X phase is also plotted in this figure. They pointed out that the formation behavior of the X phase in this system was in the manner of a eutectic reaction. On the other hand, a discrepancy exists between the composition of the eutectic point and the X phase, as clearly seen in Fig. 2 , which implies that the formation behavior of the X phase should be in the manner of a peritectic reaction. In addition, the solidus line for the phase in the liquid-solid coexistence region is still unclear in this diagram. Therefore, further investigation is necessary to clarify the formation behavior of the X phase for control of the microstructure and for further optimization of manufacturing processes. , 8) and that of the master ingot in the present study, respectively. The broken and solid lines indicate the ratios of Zn per Y for the X phase and the master ingot, respectively.
In the present study, the 97.0Mg-1.3Zn-1.7Y (at%) alloy is prepared in order to assure the validity that the Mg-Y-Zn ternary system can be represented as a pseudo-binary system between the and X phases, and to clarify the liquidus line and the solidus line for the phase in the liquid-solid coexistence region. The solubility limit for the phase and the chemical composition of the X phase in the solid solution are also investigated. Particular focus is placed on the formation behavior of the X phase.
Experimental Procedures
A master ingot of the 97.0Mg-1.3Zn-1.7Y (at%) alloy was prepared from high-purity raw materials; 99.95% Mg bar, 99.5% Zn sheet and small pieces of 99.99% Y. These metals were melted in a 31 mm diameter graphite crucible using a high-frequency induction furnace under high-purity argon atmosphere, and the as-cast ingot size was 20 thick Â 50 wide Â 52 high (mm). The composition of the ingot was analyzed using an energy dispersive X-ray fluorescence spectrometer (EDXRF; Jeol JSX-3220Z). Samples for examination of the liquid-solid coexistence region were cut into 20 thick Â 4 square (mm) pieces and were encapsulated in lidded 6 mm diameter graphite crucibles, in consideration of the dangers of molten Mg alloy during water-quenching. And again, samples for the examination of the liquid-solid coexistence region were encapsulated in quartz tubes with high-purity argon gas for isothermal heat treatment. Samples for the solid solution were cut into the size of 20 thick Â 11 wide Â 13 high (mm) pieces and were encapsulated in quartz tubes with high-purity argon gas.
As is shown in Fig. 2 , the eutectic temperature is reported as 813 K. 8) Thus, in the present study, 873 and 833 K were employed as testing temperatures for the liquid-solid coexistence region, and 793 K was employed as that for the solid solution. Holding times for isothermal heat treatment to reach thermal equilibria were estimated using Arrhenius and Einstein equations 10) under the condition to attain a diffusion distance of more than 100 mm. These two equations are given as follows,
where D, k and T represent the diffusion coefficient, the Boltzmann constant and temperature, respectively. D 0 and Q represent materials constants. x and t are diffusion distance and time, respectively. Employed materials constants, 11, 12) estimated diffusion times for 100 mm and determined holding times for isothermal heat treatment are summarized in Table 1 . It should be noted that the materials constants for diffusion of La in Mg were employed as substitutes for those of Y in Mg in the present study, as those were unavailable in the literature. Finally, the holding times for isothermal heat treatment were determined as 1.5 h at 873 K, 2.0 h at 833 K and 72 h at 793 K. Isothermal heat treatment was carried out using a vertical electrical furnace. Samples for the liquid-solid coexistence region were heated up to approximately 973 K and held for 30 min to become completely molten, and were cooled down to the prescribed temperatures (873 K or 833 K) with a cooling rate of 1 K/min, and held for the times described above. Samples for the solid solution were heated up to 793 K and held for 72 h. After isothermal heat treatment, the samples encapsulated in quartz tubes were dropped into water, and the quartz tubes were immediately broken by quenching. The microstructure of each sample was observed using an electron probe microanalyzer (EPMA; Jeol JXA-8200), and the chemical compositions for phases of the samples were analyzed using wave length dispersive X-ray spectroscopy (WDS). Since high accurate estimation of the chemical compositions for the liquid phases is extremely difficult, the following two methods were adopted for determination of the liquidus line; (1) derivation from the chemical composition of the master ingot analyzed by EDXRF, the area fractions of the liquid and solid phases were quantitatively analyzed using EPMA images, and the chemical compositions of the solid phases were analyzed by WDS, (2) 8) and Zaselyan et al., 7) respectively. The broken line is an interpolation. 
Results and Discussion
The analyzed chemical composition of the master ingot is 97.1Mg-1.3Zn-1.6Y (at%), which is also plotted in Fig. 1 . The actual measurement value of the elemental ratio of Zn per Y is 0.78 in the present study. Backscattered electron images (BEI) observed by EPMA for the samples after isothermal heat treatment at 873 and 833 K are shown in Figs. 3 and 4 , respectively. These microstructures are composed of black parts, gray parts and a mesh texture. Small pits occasionally confirmed in the black parts are considered to be formed by solidification contraction during water-quenching. The chemical compositions for these three parts in Figs. 3 and 4 analyzed using WDS are tabulated in Tables 2 and 3 , respectively, with a standard deviation of Mg for each part. The intervals of the mesh texture are approximately 200 nm, which is quite fine compared with the probe diameter of the EPMA, and thus it is extremely difficult to precisely analyze the chemical composition for the mesh texture. It was confirmed that the standard deviations of Mg for a gray part and the mesh texture are much greater than that for a black part, and the gray part and mesh texture have indeterminate shapes in both samples. In addition, the area fraction of the black part in Fig. 3 is smaller than that in Fig. 4 . From the analyzed chemical compositions and these observations of the microstructures, it could be concluded that the black parts are solid () phases, and the gray parts and the mesh textures are liquid phases in both samples during isothermal heat treatment. The mesh textures are considered to be formed during rapid solidification without sufficient diffusion time.
The chemical compositions for the phases are almost the same; therefore, the chemical compositions for the liquid phases are estimated from those of the master ingot and the 500 m µ Table 5 . The Mg contents in the liquid phases at 873 and 833 K are estimated to be 91.1% and 86.4%, respectively. It should be pointed out that the Mg contents in the liquid phases derived using the two methods are substantially different, especially at 833 K. This point will be further discussed later in the report. Figure 6 shows a BEI for the sample after isothermal heat treatment at 793 K. It was confirmed that the microstructure is simply composed of black and gray parts, and the area fraction of black parts is larger than that of gray parts. Chemical compositions for these parts were analyzed by WDS, and are tabulated in Table 6 with a standard deviation of Mg for each part. The standard deviations of Mg for both parts are quite small, indicating that the sample is in a thermodynamic equilibrium. Therefore, it may be concluded that the black part is the phase, and the gray part is the X phase. The resultant liquidus and solidus lines determined by the present study are shown in Fig. 7 , including representation of the previously reported Mg-Y-Zn pseudo-binary phase diagram with the reported values. 7, 8) The solidus line for the phase has been clarified first by the present study. The solubility limit for the phase shows good agreement with the previous report. 7) As for the liquidus line, the estimation by averaging the chemical compositions for liquid phases directly analyzed by WDS shows good agreement with the previous report, 8) while that derived by the chemical compositions of the master ingot and the phase, and the area fractions of the liquid and phases is slightly different from the previous report, 8) especially at 833 K. The chemical composition of the X phase in the solid solution is also represented in Fig. 7 , showing a higher Mg content compared with that of the previous report. 8) This indicates that the chemical compositions of the , liquid and X phases obtained in the present study are generally represented in the pseudobinary phase diagram, and that the results of the present study are in good agreement with those by Padezhnova et al. 8) However, it should be noted that in any case, all the results of the present study support that the formation behavior of the X phase is not in the manner of a eutectic reaction, but rather that of a peritectic one.
As shown in Fig. 5 , although only the average chemical compositions within the EPMA probe diameter were analyzed, on account of the extremely fine intervals of the mesh texture, some analyzed chemical compositions for the liquid phase indicated even a lower Mg content than that in the X phase (85.9%) reported by Padezhnova et al., 8) implying that the formation behavior of the X phase should be in the manner of a peritectic reaction. Therefore, the mesh texture 9) It is also noted that the white part could be a nonequilibrium phase in the present alloy composition, because it disappears after isothermal heat treatment at 793 K, as is shown in Fig. 6 and Table 6 . However, further investigations are indispensable to clarify the solidification processes over a wide range of alloy compositions in this system. Therefore, this point still remains as a subject for clarification in the future.
The reasons for the different Mg contents in the liquid phases derived by the two methods in the present study may be as follows. The interface of the primary solidified phase reacts with the liquid phase at the peritectic temperature if the formation behavior of the X phase is in the manner of a peritectic reaction. Consequently, the solid-liquid interface in the quenched samples for the liquid-solid coexistence region becomes vague, and the analyzed area fractions of the liquid and phases have a large margin of error. In addition, the error in the chemical composition of the phase significantly affects the derived chemical composition of the liquid phase, because the area fractions of the phases are much greater than those of the liquid phases, as shown in Figs. 3 and 4 and Table 4 . Accordingly, the resultant chemical compositions estimated for the liquid phases by those of the master ingot and the phase and the area fractions of the liquid and phases also include a large margin of error.
The chemical composition of the X phase at 793 K in the present study shows a higher Mg content compared with the previous report 8) and other reports, 9, 13) in which the chemical composition of the X phase is described as Mg 12 Zn 1 Y 1 . The determined holding time for the isothermal heat treatment at 793 K is sufficient for diffusion, as shown in Table 1 . In addition, the resultant chemical compositions analyzed by WDS indicate nearly constant values for both the and X phases, as shown in Table 6 , and this indicates that the sample at 793 K is in a thermodynamic equilibrium. Itoi et al. 6) investigated the microstructure in the 97Mg-1Zn-2Y (at%) alloy using transmission electron microscopy and suggested that an 18R-type LPSO structure with the composition of 91Mg-3Zn-6Y (at%), which was considered to be the same structure as the X phase reported by Luo et al.
13) (Mg 12 Zn 1 Y 1 ), was the phase in this alloy at high temperature. This result is in good agreement with that of the present study. Thus, it can be concluded that the equilibrium composition of the X phase should be 89.7Mg-4.6Zn-5.6Y (at%) at 793 K. In order to clarify the phase boundaries of the X phase, it is necessary to obtain the equilibrium composition at another temperature. Isothermal heat treatment at 673 K using the master ingot in the present study is now under way.
In terms of practical application, determination of the liquidus projection and the phase boundaries of the X phase in a wide range of alloy compositions becomes important, and establishment of isothermal sections in this system, especially in the vicinity of the Mg-rich part, is also necessary for further optimization of manufacturing processes. These points are issues for future research. Nevertheless, we claim that the results obtained in the present study are quite helpful in designing advanced Mg-Y-Zn alloys composed of the and X phases.
Summary
The 97.0Mg-1.3Zn-1.7Y (at%) alloy was prepared to clarify the liquidus and solidus in the liquid-solid coexistence region and the solubility limit in the phase of the Mg-Y-Zn ternary system. The principal results obtained in the present study are summarized as follows.
(1) The Mg-Y-Zn ternary system can be represented as a pseudo-binary system between the and X phases, as was previously reported by Padezhnova et al.
8)
(
2) The solidus line for the phase has been clarified for the first time. The liquidus line and the solubility limit for the phase are in good agreement with the previous reports, whereas the formation behavior of the X phase is not in the manner of a eutectic reaction, but rather that of a peritectic reaction. (3) The equilibrium composition of the X phase at 793 K is suggested to be 89.7Mg-4.6Zn-5.6Y (at%), which is in agreement with the result reported by Itoi et al.
6)

